Introduction
The main features of the structural, thermodynamic, and dynamic properties of molecular glass formers in both liquid and glassy states are determined by the intermolecular potential. Currently developed empirical force eld models for intraand intermolecular interactions in organic and molecular compounds [1] [2] [3] involve summation over all atoms of different terms, including pair potentials, electrostatic contributions, angular dependent interactions, and torsion forces depending on dihedral angles. For hydrogen bonds, additional pair potential terms are usually introduced.
1,2,4,5 At high pressures, the atmospheric-pressure empirical potentials 1-5 may become incorrect due to, e.g., an insufficiently accurate repulsive pair potential, while quantum calculation 6, 7 should be still testied by experiment.
In the case of organic molecular liquids consisting of small rigid molecules, the fast rotation of molecules leads to the averaging of orientation-dependent components of the intermolecular potential and simplies an effective potential. The initial success of the free volume model for the hard-sphere liquid well demonstrates this. 8, 9 It was established that the relaxation properties of molecular glass formers obey the volume-temperature scaling, when, e.g., the position of the arelaxation peak in dielectric loss, [10] [11] [12] [13] or viscosity 14 are unied functions of the variable 1/(TV g ), where g is a constant characterizing material. It is known that the thermodynamic properties of a system of so-sphere particles with an inverse power repulsive potential U ¼ 3(r/r 0 ) Àn (here, 3 and r 0 are energy and distance constants, respectively) are exact functions of 1/(TV g ) with g ¼ n/3. 15, 16 In particular, g ¼ 4 may be related to the repulsive part of the Lennard-Jones (LJ) potential, which will be considered below in a more general form of the m À n potential (Mie potential), 
The key goal of the current study is focused on a role of hydrogen bonds in the elasticity of molecular organic glass formers under pressure. The energy of the hydrogen bond 18, 19 is much lower than energies of ion and covalent interactions, but it is several times higher than the typical energy of the van der Waals intermolecular forces forming the basic interaction in molecular substances. From the structural point of view, hydrogen bonds may affect orientational correlations between neighboring molecules in the liquid and a short range orientational order of molecules in the glass. We choose glycerol C 3 H 8 O 3 and propylene carbonate C 4 H 6 O 3 ( Fig. 1) for a comparative study of substances with and without hydrogen bonds. Both substances have quite similar chemical formulas, sizes and masses of molecules, densities, and temperature dependences of the density r(T), as well as the glass transition temperatures (z157 K for PC and z187 K for glycerol). 12, [20] [21] [22] [23] [24] [25] We also point to the absence of pronounced secondary relaxation in both supercooled liquids at atmospheric pressure. 12, 23, [26] [27] [28] [29] At the same time, each molecule of glycerol has 3 hydroxyl OH groups (Fig. 1) , which can be involved in sufficiently strong hydrogen bonds O-H/O (here, O-H is a proton donor and O is an acceptor) between molecules. Indeed, the orthorhombic crystal phase of glycerol 30 has innite hydrogen bonded chains with each oxygen atom being involved in two hydrogen bonds both as a donor and an acceptor. 31 The computer simulation of liquid glycerol shows that each molecule has the average number of hydrogen bonds equal to 5.7.
32 In contrast to glycerol, three oxygen atoms in the PC molecule are bonded only with carbon in the molecular skeleton ( Fig. 1) , and one can only expect a formation of a very weak C-H/O hydrogen bonds, 18,33 energy of which is quite close to that of van der Waals interaction. Because of the bonding difference, the velocity of longitudinal ultrasonic waves in liquid glycerol is by a factor of z1.5 higher than that in PC. [34] [35] [36] Correspondingly, the bulk modulus of liquid glycerol is higher than that of PC by a factor of z2. The different elastic properties of both liquids reect an expected difference between the intermolecular potentials with and without remarkable contribution of the hydrogen bonds. Ultrasonic studies of the glycerol elasticity under pressure 37, 38 have been carried out only at relatively low pressures.
Comparing glycerol and PC, it is necessary to note other important differences between these liquids. The volumetemperature scaling is quite different in glycerol and PC, because the exponent g in the scaling parameter 1/(TV g ) is equal to 1.4-1.8 in glycerol 12, 13, 39 and to 3.7-4.3 in PC. 11, 12, 14 The appearance of pronounced secondary relaxation in glycerol at P > 2 GPa 40,41 corresponds to another dynamic difference, since the absence of secondary relaxation in PC is observed up to 6 GPa. 36 The pressure coefficient of the glass transition temperature (dT g /dP) of PC at P ¼ 0 is higher than that of glycerol approximately by 2 times (z90 K GPa À1 for PC and z47 K GPa À1 for glycerol).
12
In this paper, we present ultrasonic measurements of the elastic moduli of liquid and glassy glycerol under pressure, comparing experimental data obtained to similar data for PC.
36
The ultrasonic technique provides direct accurate measurement of the elastic moduli, their pressure derivatives, and a possible nonlinearity of particular modulus with pressure. It is important to emphasize that the experimental studies of PC 36 and glycerol (this study) were performed under very close experimental kinetic conditions with the same experimental equipment. Due to nonergodic nature, the elastic properties of glasses can depend on a pressure-temperature history, as has been shown recently for PC. 42 
Experimental details
Ultrasonic experiments were carried out using a high-pressure ultrasonic piezometer based on a piston-cylinder device. The technical specications of this piezometer and the procedure for processing experimental data are thoroughly described earlier, 43 but the system for the detection of transmitted and reected sound pulses has been considerably updated on the basis of the National Instruments PXI platform. The detection system also allows to measure the total attenuation of an ultrasonic wave in the pistons and sample. Changes in the ultrasonic signal paths (the sample length) were measured by shi of the piston with an accuracy of 0.005 mm using dial-type micrometer indicators. The measurements of the changes in the transit times (accurate to AE1 ns) of transverse and longitudinal ultrasonic pulses were performed by the pulsed method with LiNbO 3 plates as piezoelectric sensors with carrier frequencies of 5 and 10 MHz, respectively. In order to calculate the shear G and bulk B elastic moduli and Poisson's ratio s from density r, transverse v t and longitudinal v l ultrasonic velocities, we used the homogeneous isotropic medium approximation briey considered in part 1 of the ESI. † In part 2 of ESI † we also consider ultrasonic measurements of elastic moduli in a state of supercooled liquid in general case and in the case of our measurements.
Glycerol was purchased from the Aldrich chemical company and PC from the Acros Organics. The purity of the both materials was guaranteed to be higher than 99.5%. Liquid glycerol and PC were placed in a Teon capsule (with an internal diameter of 16 mm and a height of 8 mm) with copper caps (with thickness of z1 mm). Liquid leakage from these capsules restricted the maximum attainable pressure for measurement of liquid samples at room temperature by a value of about 1 GPa. The measurements at liquid nitrogen temperature were carried out up to z1.8 GPa. The estimated pressure uncertainty was AE0.05 GPa at all temperatures. The temperature in the working volume was measured with four copper-constantan thermocouples located in the immediate vicinity of the sample; the temperature gradient across the sample did not exceed 1-2 K. The glass-liquid transitions were studied at natural heating of a low-temperature part of the equipment during z5 hours.
The pressure dependences of the sample volume V(P) and density r(P) were initially determined from change of its length. Aer a rough calculation of the bulk modulus B(P) under pressure, taking into account relation between adiabatic and isothermal moduli, the pressure dependence of the compressibility was integrated to obtain the more accurate isothermal EOS and density data (following the denition, 1/B ¼ À(vV/vP) T /V). This procedure is repeated recursively (usually 2 times) to achieve a self-consistency of the EOS V(P) and the B(P) dependence with an accuracy of 1-3%.
3 Results and discussion
Liquids at room temperature
Ultrasonic measurements at megahertz frequencies provide experimental data for adiabatic elastic properties. The difference between isothermal B T and adiabatic B S moduli at room temperature is equal to z22% for liquid PC and to z14% for liquid glycerol. The pressure dependence of B S /B T was calculated from the data on the volume thermal expansion of glycerol and PC under pressure 12 (see details in ESI, † part 3). Fig. 2 (a) presents the pressure dependence of the isothermal bulk modulus B T (in further consideration this notation is simplied to B) calculated from adiabatic B S at room temperature for both studied liquids. At normal conditions, density of PC was taken as r( 295 K The maximum pressure (0.6 GPa) achieved during the measurement of liquid glycerol (Fig. 2) was restricted by the strong absorption of ultrasonic waves in the sample due to approach to the glass transition region. For PC, pressure range up to 1 GPa was limited only by the stability of the capsule.
Although the initial value of B is twice higher for glycerol ( Fig. 2(a) ), the pressure dependence of the bulk modulus is quite similar for both substances, and both bulk moduli grow linearly with pressure at the relatively similar rates, (vB/vP) T h B 0 (P) z 7.8 AE 0.2 for glycerol and B 0 (P) z 8.6 AE 0.2 for PC.
Another important fact is that both pressure derivatives of the bulk modulus B 0 (P) are close to 8, and we discuss this in more details.
If the potential energy of some phase includes the difference between two powers of the density or inverse powers of the
, it is known that the pressure derivative of the isothermal bulk modulus at zero pressure satisfy the relation,
If the phase is compressed self-similar, i.e., (r/r 0 ) 3 ¼ V/V 0 is valid for any typical distance (e.g., coordination radii) of a disordered structure, the following equation can be written for a system with the m À n potential (see eqn (1)),
If the pressure-induced volume change is small, DV/V 0 $ 0.1 or less, eqn (2) is quite accurately valid at non-zero pressure, and B(P) dependence is close to linear.
For the LJ 6À12 potential, B the repulsive parts of these potentials are also similar. Correspondingly, although the exponent g in the scaling parameter 1/ (TV g ) for PC is well correlated with the repulsive exponent n of the LJ potential, 11, 12, 14 i.e., 3g PC z n LJ ¼ 12, the corresponding value of g for glycerol is too low, 3g glycerol z 4.2À5.4, 12,39 and does not absolutely correlate with the repulsive exponent n of the effective pair potential, which in principle can not be less than 8.7. The previous lowest limit for n simply follows from the relation (m + n + 6)/3 ¼ B 0 0 ¼ 7.8 for glycerol and the extreme (and impossible in the real pair potential) equality m ¼ n in eqn (1) . Thus, it is rmly established that the volume-temperature scaling in glycerol via the parameter 1/(TV g ) does not correlate with the repulsive exponent of the pair potential. Such discrepancy can naturally be associated with hydrogen bonding in glycerol. Directional hydrogen bonds can signicantly affect the rotational dynamics of molecules (detected, particularly, in the dielectric spectroscopy) and crucially inuence the absolute curvature of the effective pair potential, parameterized by the bulk modulus B ¼ V(v 2 U(V)/vV 2 ), but they insignicantly affect exponents in the effective pair m À n potential.
Considering the contribution of hydrogen bonds to the intermolecular potential, one should note that terms, 12 responsible for hydrogen bonds in the empirical potentials, usually include the 6-12 (LJ) or 10-12 potential and the Coulomb interaction (f1/r).
2,4,5 The Coulomb contribution can lead to a partial soening of the entire pair potential with respect to the increase of B(P) with pressure. A hypothesis, that difference in B 0 (P) for glycerol and PC (7.8 and 8.6, respectively) can be related to the contribution of hydrogen bonds in glycerol, is easily veried by examination of water properties. Under normal conditions, the oxygen-oxygen nearest neighbor coordination is close to 4.5, 46 while the average number of H bonds per water molecule is z 3.5 AE 0.5. 47 Still, hydrogen bonding in water can be considered as near tetrahedrally ordered. Taking the EOS of water at room temperature interpolated from the NIST database 48 on the basis of the general EOS, 49 it is easily established that the room-temperature B(P) dependence of water is linear at P # 0.8 GPa with B 0 (P) ¼ 6.2. For methanol and ethanol with strong hydrogen bonding, B 0 (P) z 5.5 À 6.5.
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The pressure dependence of the relative volume V/V 0 is presented in Fig. 2(b) for both substances. They show a typical behavior for liquids at elevated pressures. The volumes of glycerol and PC at 0.6 GPa decrease by z9.5 and z13%, respectively. We compared our data to the equation of state for glycerol and PC obtained by Reiser et al.
12 from direct volumetric measurements. While our results for propylene carbonate are in a perfect coincidence with the volumetric data, 12 we observe some differences in the case of glycerol. The compressibility of glycerol determined from the ultrasonic study is slightly less than that from the volumetric measurements.
Compression of glasses
The pressure dependences of the longitudinal v l and transverse v t velocities for the glassy PC 36 and glycerol at 77 K are presented in Fig. 1S 36 The value of v l for glycerol exceeds that for PC by a factor of 1.3À1.4 at different pressures, while the ratio of transverse velocities varies near 1.5.
The pressure dependences of calculated elastic moduli for both glasses are shown in Fig. 3 . The density of glycerol at 77 K was taken as r ¼ 1.38 g cm À3 from extrapolation of data for the glassy state, 24 taking into account low-temperature data. 51 The difference between the adiabatic and isothermal bulk moduli for glycerol and PC at 77 K (Fig. 3(b) ) is about 1%. The integration of the compressibility provides the pressure dependences of the relative volume for both glasses, which are shown in Fig. 3(c) . The pressure dependences of the elastic moduli of glassy PC and glycerol are nonlinear. The pressure derivatives of the bulk moduli of PC and glycerol glasses at 77 K change from z6.5 and z10 at atmospheric pressure to z4 and z3.5 at 1.8 GPa, respectively.
The glycerol-to-PC ratios for the shear and bulk moduli change from z2.4 and z1.8 at P ¼ 0 to z2.1 and z1.5 at P ¼ 1.8 GPa, respectively. The ratio of the shear moduli is remarkably higher than that of the bulk moduli. Reasons for such relation are most probably connected with strong hydrogen bonds in glassy glycerol. It is well known that hydrogen bonds are quite directional, 7,18,19,52,53 including partially covalent properties. This means that the orientational relaxation of molecules in glycerol is more difficult compared to PC where van der Waals forces dominate.
A similar conclusion about the role of hydrogen bonding in glycerol can be made by comparison of the Poisson's ratios (Fig. 4) . The Poisson's ratio of glassy glycerol is by z0.04 lower than that of PC. The decrease in the s values from PC to glycerol toward 0.25 can be qualitatively attributed to an increase in the role of central forces in glycerol. It is easy to show that 0.25 is (more exactly, between 160 and 180 ), 18, 52 and the contribution of hydrogen bonds is well described by the pair central forces in the empirical potentials, 2,4,5 one can conclude that the relation between Poisson's ratios for glycerol and PC with respect to 0.25 is evidence of the hydrogen bonding in glycerol. In the nal part of ESI, † we also consider the known correlation between Poisson's ratio of glass formers and socalled fragility. At high pressure, this correlation is failed.
Glass-liquid transition
The temperature dependences of the elastic moduli of glycerol measured during isobaric heating (including the glass-liquid transition) under pressure are presented in Fig. 5 . One can observe a sharp decrease in the shear modulus just above the glass transition temperature T g . Near T g , we lose the ultrasonic signal as described in Section 2. We also remind from this section that the frequency-dependent contribution to the elasticity is negligible for the used experimental frequencies (5-10 MHz) in the temperature intervals where ultrasonic data were collected in Fig. 5 . An increase in the elastic moduli with the pressure is in accordance with previous isothermal data for glassy and liquid glycerol, and the relative shi of the dependences to higher temperatures directly indicates an increase of T g with the pressure. Fig. 5 also presents the elastic moduli of PC at 0.1 GPa (ref. 36 ) measured in a similar isobaric experiment. The most striking observation is that the relative difference between the glassy and liquid bulk moduli is remarkably less in PC than in glycerol. In PC, the glass-to-liquid ratio of the bulk moduli is less than 1.5. In glycerol, this ratio is slightly higher than 2.5.
The transmission data for the longitudinal wave are presented in Fig. 6 . The transmission coefficient is dened here as an amplitude ratio of detecting-to-generating signals on the piezoelectric sensors. Therefore, it includes reverse attenuation in the pistons and sample, the transmission coefficient at the piston-sample and sample-piston interfaces, and the direct and inverse coefficients of transformation of the piezoelectric sensors. Obviously, the main contribution to a change in the transmission with increasing pressure in Fig. 6 is made by absorption in the sample, while the other contributions are almost independent of pressure. The transmission coefficient between the pistons and sample (or vice versa) changes insignicantly with pressure because of a signicant difference between the acoustic impedances (Z ¼ rv l ) of the piston steel and organic glycerol. Fig. 6 obviously indicates a signicant increase in the longitudinal wave transmission (acoustic transparency) near the glass transition temperature with a subsequent sharp drop of transmission down to immeasurable values above T g . This effect seems to be related to the "healing" of defects of the glass structure, appearing due to rheological processes in the solid glassy sample during compression. The existence of a relation between the acoustic transparency (Fig. 6 ) and the glass transition is proved by the pressure-induced temperature shi of the region of sharp drop of the glycerol transmission. For pressures of 0.1 and 0.45 GPa, this shi is equal to 15 K, whereas the corresponding shi of T g is 13.5 K from the T g (P) equation 12 or DT g z 15 K from the volumetric data. 25 
Conclusion
Using glycerol and propylene carbonate as model molecular liquids with and without strong hydrogen bonding, we have highlighted the crucial differences and the common features in their elastic properties under pressure in liquid and glassy states. Despite a signicant (by factors of 2-2.5) difference between the elastic moduli of PC and glycerol, evidencing the hydrogen bond contribution in the latter case, both substances show quite similar pressure dependences of the elasticity, which are nonlinear in glassy states and are almost linear in liquids. Moreover, hydrogen bonds insignicantly inuence the pressure derivatives of the bulk moduli of the liquids under pressure, which implies that glycerol and PC have quite similar functional forms of the effective pair potential. For glycerol, this provides the key result that the exponent g in the scaling parameter 1/(TV g ), which governs the volume-temperature scaling of the relaxation properties and is equal to 1.4-1.8, 12, 39 does not correspond to the exponent in the repulsive intermolecular potential in contrast to PC. 11, 12, 14 The decrease in Poisson's ratio toward 0.25 in glycerol comparing to PC seems to be another manifestation of the role of a strong hydrogen bond in glass formers. In this work, we also observed some secondary effects, whose relation to hydrogen bonding demands further theoretical and experimental evidences.
